Vertically coupled InAs quantum dots (CQDs) have received attention as a candidate for physical implementations of quantum information processing. This is due to their many attractive properties, including integration with existing semiconductor technology [1, 2] , the ability to use ultra-fast optoelectronic techniques for state manipulation [3] [4] [5] , and the ease with which relevant properties can be engineered [6] .
Increasingly sophisticated experiments have demonstrated the potential of excitons in these systems to satisfy the requirements of quantum computation [7, 8] . However, in addition to relatively short radiative lifetimes, strong coupling to the environment often results in loss of coherence through acoustic phonon induced carrier relaxation. Therefore, the understanding and possible control of such mechanisms is of fundamental importance. Here we report the direct observation of tunable exciton relaxation dynamics in CQDs.
Dominant sources of exciton relaxation in a CQD include radiative recombination and relaxation into other states through a combination of phonon scattering and charge carrier tunneling. In contrast with higher dimensional structures [9] , the discrete nature of the energy levels in low dimensional systems, such as quantum dots (QDs), significantly restricts the processes through which relaxation can occur [10] . In CQDs with exciton energy separation of only a few meV, the dominant phonon scattering mechanism that limits the lifetimes involves acoustic phonons [11] [12] [13] [14] . However, there is the additional possibility of molecular states where the carrier wavefunction is spatially delocalized between the dots comprising the CQD system. This both reduces the electron-hole overlap and modifies the carrier-phonon interaction [15] . Theoretical investigations on the coupling between acoustic phonons, excitons and single particle bonding-antibonding states, have suggested that the acoustic phonon scattering rates can be enhanced or suppressed as a function of interdot separation and applied field, both in single and coupled QDs [16, 17] . We observe clear evidence of such a modulation of the acoustic phonon mediated relaxation and find that the measured lifetime of the tunable indirect exciton (X I ) can be understood from the molecular character of the exciton states and the structure factor characteristics of the phonon scattering mechanism.
The samples consist of two coupled layers of epitaxially grown InAs QDs in a GaAs matrix [18] [19] [20] . The CQDs have been grown within the insulating region of an n-type Schottky diode structure to allow for the application of an electric field where the top aluminum contact has apertures to optically isolate individual CQDs [21] . We are operating in a field range where the formation of negative trions is negligible and, since the diodes are operating in reverse bias, the only source of additional holes for the formation of a positively charged exciton state (X + ) is through the tunneling of electrons from the photogenerated excitons to the doped substrate [22, 23] . The sample is kept at ~10 K, and excited with a mode locked Ti:Sapphire laser, with a pulse width of ~1.5 ps operating at 80 MHz. A 0.75 m spectrometer is used to disperse the signal while a silicon avalanche photodiode with temporal resolution of 500 ps along with standard timeresolve single photon counting electronics are used to acquire lifetimes.
One of the challenges in the measurement of X I is the significantly reduced emission, relative to the direct exciton (X D ), due to the spatial separation of the electron and hole. Therefore we focused our study on CQDs with small barriers displaying signatures of hole level molecular wavefunction formation. Figure 1 shows a schematic representation of the relevant states and processes for the device structure and field range used in this study [6] . By reducing the applied electric field we can tune the X I -X D energy separation from 0. 
(1)
From fits to the bi-exponential behavior in the X D lifetime it is seen that the X I lifetimes, , are identical under resonant and non-resonant excitation only up to where the X + states become noticable in PL spectra [ Fig. 3(a) ]. At this point, for energy separations larger than 14 meV, the resonant lifetimes diverge from the nonresonant, increasing to nearly 4 ns. This demonstrates the effect of the X + formation on the non-resonant lifetimes at large energy separations. The inclusion of a X + formation rate, γ t , simply results in an additional term in the total X I rate, . This, along with Eq. (2), allows us to directly extract, from the data, each contribution to the overall lifetime of X I as plotted in Fig. 4 .
To understand the physics of the extracted relaxation rates, we have constructed a model for X I relaxation, including radiative recombination and acoustic phonon scattering for an asymmetric CQD [24] . The exciton states are constructed from product states of the lowest energy single particle states confined in 3D parabolic potentials matched to band edges of the QD and host materials. The radiative recombination is given in the dipole approximation by where is the interband dipole moment in the QD material, while is the X I energy and the electron-hole overlap, both of which depend on the applied electric field. We have found that to match the experimentally observed radiative recombination rates it is necessary to assume a delocalization of the electron across the CQD of 9-11% on the top dot. This is reasonable for small barriers such as in these CQDs. The acoustic phonon relaxation rate can be obtained from the expression where the sum runs over all acoustic phonon polarizations, and it includes contributions from deformation potential and piezoelectric scattering (as defined by the scattering matrix element M ν ). Phonon emission takes place whenever a phonon mode energy !c !matches the field-dependent energy separation, , where is the corresponding sound velocity for mode ν, d is the interdot distance in the CQD, and t h
is the hole tunneling amplitude. The scattering matrix element is field independent but exhibits a q-dependence that varies with the phonon coupling mechanism [17] . On the other hand, the structure factor does exhibit a strong electric field dependence, as the exciton states evolve from the molecular to the spatially separated state of the hole. The structure factor can be seen as the Fourier transform of the fielddependent charge density distribution of the exciton molecular states involved in the relaxation. Given the axial symmetry and strong dot confinement potentials, the phonon emission is dominated by the interdot separation. To highlight this dependence, we The phase relationship between and the hole wave function can be either controlled with the interdot separation d or with the applied field, as it tunes the energy separation ΔE. The coincidence of the line in Fig. 4 (inset) with maxima in the structure factor reveal which values of ΔE result in efficient relaxation, manifested as periodic peaks in the phonon relaxation rate (γ p ) as a function of ΔE. Thermal population effects (kT ~ 1-2 meV) giving rise to phonon absorption as well as emission which may account for part of the suppression of the first peak (ΔE ~ 2.6 meV). For ΔE ~ 6.2 meV, when q z d has a value of 3π, we observe a clear peak in γ p that agrees well with theory (5) [ Fig. 4 ]. The magnitude and decreasing trend in the phonon rates are also consistent with theoretical predictions. This is an indication that the non-monotonic features of the phonon mediated carrier relaxation into the lowest energy, X D state results from a modulation in the allowed momentum due to the real-space structure factor of the CQD.
Despite the suppression of the first peak, the appearance of a non-monotonic modulation of the lifetimes cannot be accounted for by the purely monotonic contributions of charge tunneling and wavefunction overlap. Therefore, by engineering the real-space composition of coupled nanostructures it may be possible to dramatically extend (or shorten) the lifetimes of excitonic states.
We have observed non-monotonic phonon relaxation rates whose features are strongly dependent on the hole wave function confinement along the lateral and vertical directions, which in turn are determined by the entire CQD structural parameters such as the interdot distance, dot heights and lateral size. Our results confirm that the lifetimes of indirect excitons in CQDs can be controlled with an external electric field. Our results also suggest that since the structure factor is the Fourier transform of the excitonic charge density distribution, the measured modulated phonon relaxation rates can provide additional insight into the geometry and composition of QD structures. The ability to tune the relaxation rates of excitons could prove extremely useful to applications ranging from quantum information to optoelectronics.
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